[1] We present atmospheric observations which indicate efficient new particle formation during the nighttime in the troposphere under low condensation sinks, in contrast to the current prevailing assumption that aerosol nucleation takes place only during the daytime and typically from sulfuric acid. High concentrations of ultrafine particles with diameters from 4 to 9 nm ($1000 cm À3 ) were measured from the three days of nighttime observations in the upper troposphere during the NSF/NCAR GV Progressive Science Missions. Long-term ground-based observations of charged and neutral clusters and aerosols made in Tumbarumba, Australia, also showed surprisingly high frequency of nighttime new particle formation (30%) with low condensation sinks. Nighttime nucleation can be significant for global aerosol load and cloud condensation nuclei productions and thus needs to be included in global climate models. Future studies are required to understand the nighttime nucleation mechanisms.
Introduction
[2] Despite the important effects of aerosols in global climate, atmospheric composition and human health, atmospheric aerosol formation mechanisms are poorly understood. There are high uncertainties in the current global climate models and in predictions of the future climate, largely because of our limited understanding of aerosols and clouds [International Panel on Climate Change (IPCC), 2007] . Atmospheric aerosol nucleation (formation of liquid or solid particles directly from gas phases species) [Seinfeld and Pandis, 1998 ] is a critical atmospheric process to understand, as aerosol particles act as cloud condensation nuclei. Current nucleation theories are also hampered by high uncertainties because they are not rigorously tested by experiments. For example, model-predicted nucleation rates often contain high uncertainties even over many orders of magnitude [Lucas and Akimoto, 2006] .
[3] It is generally believed that nucleation is initiated by sulfuric acid (H 2 SO 4 ), because of its low vapor pressure (e.g., <0.001 Torr at 300 K for pure H 2 SO 4 ) [Ayers et al., 1980] . H 2 SO 4 forms from SO 2 and OH, via the following reactions [Seinfeld and Pandis, 1998; Finlayson-Pitts and Pitts, 1999] : SO 2 þ OH ! HSO 3 ðRate limiting stepÞ ðR1Þ
Because the majority of OH sources are the photochemical production of ozone and water under ultraviolet (UV) radiation, nighttime nucleation from this process (R1-R3) is not possible. Aerosol nucleation events have been observed over a wide range of atmospheric conditions [Kulmala et al., 2000 [Kulmala et al., , 2004 Hermann et al., 2003; McMurry et al., 2005] , but discussions of nighttime nucleation have been typically neglected in spite of scattered evidence for their existence. Three-year measurements of aerosol size distributions on a German commercial aircraft showed frequent ultrafine particles at night in a large fraction of aerosol samples (20%) in the subtropical and midlatitude tropopause regions [Hermann et al., 2003] . Mauldin et al. [2003] observed H 2 SO 4 and ultrafine particles at night over the Pacific and suggested some unknown ''dark'' oxidation processes involving organic sulfur compounds emitted from the ocean. Observations made near and in orographic clouds also showed nighttime nucleation events, and these events were explained by unidentified multicomponent nucleation processes [Wiedensohler et al., 1997; Meters et al., 2005] . Continuous measurements of aerosol size distributions in Amazonia also showed the highest concentrations of nuclei mode aerosols during the nighttime (a factor of seven higher than those in the afternoon) [Rissler et al., 2006] . Russell et al. [2007] also reported nighttime new particle formation events observed at Appledore Island, 5 nighttime events out of 24 new particle events. Frequent nighttime new particle formation events were also seen in Southern Spain [M. S. Panero, private communication, 2007] . Nocturnal growth of small clusters in the SMEAR II station in Hyytiälä, southern Finland (H. Junnine et al., Observations on nocturnal growth of atmospheric clusters, submitted to Tellus, Ser. B) and in a native Australian Eucalypt forest [Suni et al., 2008] were also recently discussed. However, these nighttime new particle formation events were usually considered as exceptions, because of the prevailing assumption that nucleation takes place via R1 in the presence of OH. There are also several long-term observations of new particle formation at the ground level [McMurry and Woo, 2002; Birmili et al., 2003; Stanier et al., 2004] , but none of these studies have mentioned nighttime events. Such an absence of nighttime nucleation sharply contradicts the ubiquitous existence of ion clusters (<1.5 nm) [Kulmala and Tammet, 2007] and sub-3 nm neutral particles observed in various atmospheric conditions. Here, we show atmospheric observations (aircraft and ground-based) that indicate new particle formation indeed occurs during the nighttime without UV under low condensation sinks.
Material and Methods

New Particle Measurements in the Upper
Troposphere: Instrumentation
[5] Studies of new particle formation in the upper troposphere used instrumentations on the NSF/NCAR GV aircraft during the Progressive Science Missions in December 2005 in Broomfield, Colorado . The GV is also known as HIAPER, the High-performance Instrumented Airborne Platform for Environmental Research. The objectives of these studies were to investigate the photochemistry effects on new particle formation and the latitude and altitude dependence of new particles. Number concentrations of aerosol particles with diameters from 4 to 2000 nm were measured with the University of Denver nuclei mode aerosol size spectrometer (NMASS) and focused cavity aerosol spectrometer (FCAS); these instruments are described in detail elsewhere [Jonsson et al., 1995; Brock et al., 2000; Lee et al., 2003 Lee et al., , 2004 Young et al., 2007] . These high-altitude aerosol instruments have been used for several NASA and NSF field studies [Jonsson et al., 1995; Brock et al., 2000; Lee et al., 2003 Lee et al., , 2004 Young et al., 2007] , including new particle formation studies in the upper troposphere and lower stratosphere [Lee et al., , 2004 Young et al., 2007] . Briefly, the NMASS consists of five condensation nuclei counters that have different supersaturation conditions to measure cumulative number concentrations of particle sizes larger than 4, 8, 15, 30, and 64 nm, respectively. The FCAS uses light scattering to measure particles from 90 to 2000 nm in diameter. Continuous size distributions from 4 to 2000 nm are obtained by combining NMASS and FCAS measurements and by using an inversion algorithm based on Markowski [1987] . The inversion also incorporates corrections for sizedependent anisokinetic sampling of the air sampling inlet, diffusion losses, and instrument counting efficiency. New particle formation events were identified with the following three criteria together: (1) N 4 -6 > N 6 -9 , (2) N 4 -9 > 1 cm À3 , and (3) the ratio of N 4 -9 over total aerosol number concentrations (N 4 -2000 ) > 1/15 .
[6] Previous studies in cirrus clouds with the same NMASS and FCAS have shown that shattering of cloud particles in the sampling inlet has minimal effects on aerosol number concentrations [Lee et al., 2004] . Although no cloud droplet sensors were onboard the GV aircraft, we believe that there were no substantial cloud events during these flights, based on the measured relative humidity (RH). There is also the possibility that commercial aircraft emission plumes produce high number concentrations of particles, and we have examined those events during the Progressive Science Missions . Results from the GV Terrain-Induced Rotor Experiment (T-REX) in 2006 showed that plume emissions often produced spikes of particle number concentrations at diameters >40 nm and these particles also showed a strong correlation with CO and water vapor. For the new particle formation events shown here, there were high concentrations of ultrafine particles with diameters <10 nm (see Figures 1 and 2 ). Results using CO and water vapor also indicated that these particle formation events were not affected by plumes. For these reasons, the effects of aircraft plumes on ultrafine particles reported here are likely negligible.
[7] There were three days of nighttime flights during the Progressive Science Missions in order to investigate the sun exposure effects on aerosol nucleation. On 2 December 2005, the GV flew from Colorado (40°N latitude) south to latitude 18°N before sunset and returned along the same track to Colorado after sunset by flying through similar longitudes, latitudes, and altitudes. On 12 December, GV flew a similar route before sunrise and returned to Colorado after sunrise. On 19 December, GV flew north to latitude 62°N before sunrise and returned to Colorado after sunrise, returning along a similar track (see Figure 2 ). These flights were in the upper troposphere region (altitudes 8 to 14 km) for most of the time. All three of these flights were made over 8 h so that each flight had a $4 h of daytime and another $4 h of nighttime measurements. Nighttime aircraft experiments in the upper troposphere are rare and to best of our knowledge, these are the only three days of nighttime observations made in the tropopause region at present.
Long-Term, Ground-Based Measurements of New Particle Formation: Instrumentation
[8] Long-term ground-based observations of new particle formation were made at the Tumbarumba flux station in a tall open Eucalypt forest in south eastern New South Wales, Australia [Suni et al., 2008] . The site was described in detail by Leuning et al. [2005] . Size distributions of air ions and naturally charged particles in the size range of 0.34 -40 nm were measured continuously from July 2005 to March 2007 with an air ion spectrometer (AIS) (Airel Ltd., Estonia). The AIS consists of two differential mobility analyzers, one for positive and another for negative ions [Mirme et al., 2007] . The AIS was located in a shed on the ground with the inlet at a height of 1.5 m. In addition, total concentrations of aerosol particles down to $14 nm were measured with a condensational particle counter (CPC) (TSI 3010) which was located at a height of 70 m on a tower.
[9] Frequent nighttime aerosol formation events were observed in Tumbarumba. Whereas daytime nucleation events exhibited a typical ''banana shape'' aerosol size distribution (Figure 4 upper panel), these nighttime events did not show such a distinctive growth pattern (Figure 4 middle panel). Instead, the nighttime events were characterized by a sudden appearance of high concentrations of ions and charged particles in all size classes (0.34 -40 nm).
(The cluster ions in the size range from 0.34 -1.8 nm also existed at all times, so it is difficult to determine nocturnal formation events based on these clusters.) During weaker events, there were charged particles in the size range from 1.8-10 nm. Nocturnal events usually started after midnight and in the early morning, but the strongest events (seen in March and April) sometimes started even in the late afternoon and continued until the next morning. Daytime events could also occur between the end of one nocturnal event and the beginning of the next one (Figure 4 bottom  panel) . We excluded the data for the periods of rain and fog, because there were usually charged particles in the size range from 2 -8 nm during precipitation.
Results
Upper Tropospheric Observations
[10] Figure 1 shows the measured particle number concentrations with diameters from 4 -9 nm and with diameters ) than during the daytime ($4.3 mm 2 cm À3 ). The measured ultrafine particle concentrations were dependent on latitude and altitude, but not on the presence of sunlight (Figures 1  and 2 ). These high concentrations of nighttime ultrafine particles were also observed during two other sunrise and sunset experiments with a large spatial scale (up to several hundreds of kilometers) (Figures 1 and 2) .
[11] The size distributions from our aircraft measurements made on 19 December 2005, as a function of time are given as a surface plot in Figure 2 . This surface plot shows that sub-10 nm particles existed practically all the time, suggesting a source of these small aerosols both during the day and nighttime. The same feature was also seen during another two days of sunrise and sunset experiments. We also calculated aerosol growth rates from the surface plot based on Kulmala et al. [2001] . Our calculations show that the particle growth rate for sub-10 nm sizes could be up to $30 nm/h. Assuming that growth rates were the same even for <4 nm particles (and small clusters), particles will grow from 1 -2 nm to 4 nm in $200 s. However, the growth could be also due to spatial variations of aerosol size and concentration. In these calculations, we also assumed that air masses did not change within the flight time (8 -9 h), and NOAA HYSPLIT [Draxler and Rolph, 2003; Rolph, 2003 ] backward trajectory calculations confirm that air masses indeed originated from very similar regions for both legs of pre-and post-sunrise (or sunrise) flights (e.g., Figure 2 ), during the three days of sun exposure experiments.
[12] Ultrafine particles are highly mobile and can easily coagulate with preexisting particles and without a source of aerosol precursors the nighttime aerosol sizes are expected to be more aged than the daytime aerosol sizes. Using our three days of nighttime (and daytime) measurements of aerosol size distributions, we also did coagulation calculations by assuming there is no supply of sulfuric acid at night, and compared the calculated nighttime aerosol sizes with those measured (Figure 3) . The starting condition is the measured aerosol size distributions during the daytime (note, our observations showed no difference between day and nighttime aerosol sizes [ Figures 1 and 2] ). We wanted to see how aerosols sizes in the diameter range from 4 -6 nm differ from the observations after 12 h of coagulation (typical nighttime hours are >12 h under the GV flight regions in December). We normalized the measured median aerosol concentrations in the size range from 4 -11 nm (since a majority of the measured particles were in this range [ Figure 2] ), so that they have the same normalized concentrations at 6 nm. The measured aerosol concentrations from 4-6 nm were $20% higher than that predicted after 12 h coagulation at night. The shape of the calculated size distribution also indicates more aged aerosols, different from those measured. Our coagulation calculations were made in a very conservative way to avoid an over-prediction of aerosol number concentrations. The high number concentrations of ultrafine particles up to $1000 cm À3 (Figure 3 ), after coagulation is taken into account, furthermore demonstrate that the measured nighttime new particles are not transitory and some nucleation sources must exist at night to sustain the high numbers of ultrafine particles.
Long-Term Ground-Based Measurements
[13] Figure 4 shows the measured AIS ion cluster size distributions indicative of the typical daytime and nighttime events seen from the long-term ground-based measurements of aerosol size distributions in Tumbarumba, Australia. The Tumbarumba measurements showed high frequencies of nighttime events, $30% of the nights over 15 months [Suni et al., 2008] . The majority of the nighttime events occurred from January through June (64% of the observed nights); from January to May, the frequency of nighttime events was a factor of 2.5 higher than that of the daytime events. High concentrations of small ion clusters in the size range from 0.34-1.8 nm ($2 Â 10 3 cm
À3
) also appeared at all times, both during the day and nighttime (Figure 4) , consistent with observations made in other locations [Kulmala and Tammet, 2007] . However, for most of the time these small clusters will unlikely grow to larger sizes, under the conditions with high condensation sinks. The ground-based measurements of new particle formation in the continental US were mostly conducted in polluted urban environments (e.g., EPA SuperSites including Atlanta and Pittsburgh) [McMurry and Woo, 2002; Stanier et al., 2004] where high condensation sinks can easily inhibit the growth of small clusters; for example, the total background aerosol concentrations (>3 nm) are two to three orders of magnitude higher in Atlanta and Pittsburgh (up to 10 ). This is the likely reason that nighttime new particle formation was seen more frequently in remote areas (e.g., Tumbarumba) with low background aerosol concentrations, than in these EPA SuperSites where no nighttime events were reported [McMurry and Woo, 2002; Stanier et al., 2004] . Such a different level of the condensation sink also explains why overwhelmingly high concentrations of nighttime new particles were seen in the upper troposphere [where the total particle concentrations are often $1 Â 10 3 À5 Â 10 3 cm À3 (Figure 1) ]. Note that in addition to low condensation sinks, to explain this extraordinary high frequency of nighttime nucleation in Tumbarumba, there may be also additional factors that affect aerosol precursor sources at this site, including radon, sulfuric acid, and organic compounds, although at present we cannot identify these chemical sources.
Discussion and Conclusions
[14] The GV aircraft measurements showed efficient new particle formation during the nighttime in the upper troposphere with large temporal and spatial scales, consistent with other aircraft observations which also showed high concentrations of ultrafine particles at night [Wiedensohler et al., 1997; Hermann et al., 2003; Mauldin et al., 2003; Meters et al., 2005] , but differ from other aircraft observations that showed new particle formation is associated with sun exposure . There are several factors that affect nighttime particle formation in the upper troposphere. Convection can bring higher concentrations of aerosol precursors and insoluble organic compounds [Kulmala et al., 2006] from lower altitudes and contribute to new particle formation in the upper troposphere. In fact, our case studies during the GV Progressive Science Missions showed that vertical motion is important for enhanced new particle formation observed in this region [Benson et al., 2007] . This is because convection can bring higher concentrations of aerosol precursors from the lower altitudes to the higher altitudes where temperatures and surface areas are lower; these factors together can create an ideal condition for nucleation, higher concentrations of aerosol precursors and lower surface areas and temperatures. SO 2 conversion by nighttime oxidants (e.g., NO 3 ) [Brown et al., 2006] to H 2 SO 4 is also possible, although these processes are more important in polluted plumes where sulfur and nitrogen oxides are abundant. There is also the possibility that the marineemitted dimethylsulfide (DMS) reacts with NO 3 to produce H 2 SO 4 at night, but this reaction requires very high NO 3 concentrations [Mauldin et al., 2003; Lucas and Prinn, 2005] . In addition, many studies have shown that SO 2 uptake by cloud and fog droplets and the subsequent oxidation (e.g., by H 2 O 2 ) in the aqueous phase produce sulfate aerosols [Seinfeld and Pandis, 1998; Finlayson-Pitts and Pitts, 1999] . However, the question here is whether or not similar heterogeneous oxidation processes also occur with nanometer size particles or smaller clusters in the atmosphere. Intensive new particle formation events were seen in cirrus clouds [Lee et al., 2004] , and near or in orographic clouds during the nighttime [Wiedensohler et al., 1997; Meters et al., 2005] . With the conventional gas phase homogeneous nucleation scheme (involving R1), nucleation theories cannot predict these nucleation events in clouds because of the extremely high surface areas of preexisting aerosols (e.g., >100 mm 2 cm À3 ; a factor of >20 higher in clouds than out of clouds [Lee et al., 2004] ), implying that these clouds in fact may contribute to new particle formation via heterogeneous processes [Lee et al., 2004] .
[15] The continuous ground-based measurements in Tumbarumba, Australia also indicate nighttime new particle formation in the clean environment. There is also other evidence that nighttime new particle formation takes place in a wide range of geographical locations [Rissler et al., 2006; Russell et al., 2007; M. S. Panero, private communication, 2007 ]. Our nighttime new particle formation is consistent with the ubiquitous existence of sub-3 nm neutral clusters and it is likely that those small clusters more efficiently grow to larger sizes under the low condensation sinks rather than in the polluted environment. For new particle formation at the ground level, there is the possibility that low volatility condensable organic compounds (e.g., oxidation products of biogenic sourceemitted organics) may produce particles even without H 2 SO 4 [O'Dowd et al., 2002; Bonn and Moortgat, 2003] ; these organic compounds can also form during the nighttime via ozone or NO 3 in the absence of UV and OH.
Observations also have shown OH production during the nighttime from hydrocarbon ozonolysis reactions with ozone [Paulson et al., 1997 [Paulson et al., , 1999 Donahue et al., 1998 ], and such dark OH chemical sources may be very important for nighttime new particle formation.
[16] We have shown aircraft and ground-based observations of high concentrations of ultrafine particles, suggesting nighttime nucleation in the troposphere under conditions with low condensation sinks. At present, we cannot conclusively identify the mechanisms for such unconventional nighttime new particle formation. We speculate that heterogeneous oxidation of SO 2 is a possible route for nighttime formation of ultrafine particles in the troposphere. Also, ammonia can contribute to aerosol nucleation in the troposphere [Lucas and Akimoto, 2006] and ammonia effects can be significant especially for those low concentrations of sulfuric acid (e.g., 10
6 cm À3 [Mauldin et al., 2003] ) during the nighttime. The effects of organics on aerosol nucleation and growth [O'Dowd et al., 2002; Zhang et al., 2004; Tunved et al., 2006] can also be important for nighttime aerosol formation, in the regions where high concentrations of condensable organics exist. Nighttime oxidants (NO 3 or OH production via hydrocarbon ozonolysis) and vertical convection can also play important roles. Because aerosol sizes and number concentrations, rather than the aerosol chemical composition, can play decisive roles in the cloudnucleating ability of aerosols [Dusek et al., 2006] , it is crucial to understand the aerosol formation mechanisms to correctly estimate the effects of aerosol and cloud on climate. Our results raise important questions about atmospheric aerosol formation mechanisms, and future laboratory, field, and modeling studies will be required to fully address these questions.
